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ABSTRACT Homography matrix

Recently, non-fixed camera-based free viewpoint sports video

synthesis has become very popular. Camera calibration is anz=====

indispensable step in free viewpoint video synthesis, and the |

calibration has to be done frame by frame for a non-fixed cam-

era. Thus, calibration speed is of great significance in real- |

time application. In this paper, a fast self-calibration method |-

for a non-fixed camera is proposed to estimate the homogra-[

phy matrix between a camera image and a soccer field model. Camera image Field model

As far as we know, it is the first time to propose constructing

feature vectors by analyzing crossing points of field lines infig- 1. lllustration of camera self-calibration for a soccer

both camera image and field model. Therefore, different frongame. (The black points and red points are selected to es-

previous methods that evaluate all the possible homograptijmate a homography matrix.)

matrices and select the best one, our proposed method Ons|¥.-|f calibration. the homo h trix bet

evaluates a small number of homography matrices based on__ . ography matrix between a camera
. image and a field model is estimated from the camera image

the matching result of the constructed feature vectors. EXpeft'self as shown irFig. 1. Generally speaking, the conven-

imental results show that the proposed method is much fast . !

T . Lo .
than other methods with only a slight loss of calibration accufﬁonal automatic self-calibration method involves two steps.

racy that is nedligible in final svnthesized videos The first step is to find crossing points of field lines in a
y 9ig Y ' cameraimage, and the second step estimates the homography

Index Terms— Camera Self-Calibration, Free Viewpoint matrix according to the correspondence of crossing points be-

Sports Video, Homography Matrix, Field Model tween a camera image and a field model. However, the main
problem of such method is that exhaustive model matching
1. INTRODUCTION has to be carried out to evaluate all the possible homography

matrices and to select the best one. The processing speed

The appearance of Free Viewpoint Television (FTV) [1] andof such an exhaustive calibration method is not sufficient for
Free Viewpoint Video (FVV) [2] has gained increasing at-real-time application of a free viewpoint sports video system
tention in multimedia signal processing and computer visionusing a non-fixed camera. For instance, the conventional
[3, 4, 5, 6, 7] In the applications of FTV and FVYV, it is as- methods cannot synthesize free viewpoint video highlights of
sumed that the virtual viewpoints can be selected freely anthe first half of a soccer match during the half-time break.
moved around, back and forth as well as up and down, [8] In this paper, we consider a fast automatic camera self-
bringing users an immersive and ultra-realistic experiencecalibration method for soccer videos based on a soccer field
In addition to enhancing user experience, other applicationsnodel, and we propose the construction of a new feature vec-
such as the Hawk-eye system [9] for ball tracking in the Worldtor of crossing points of field lines in camera images and the
Cup 2014 and the recently held 2016 Rio-Olympics Gamedjeld model. A large number of homography matrix estima-
have demonstrated that free viewpoint techniques could be t¢ibns and evaluations can be thereby avoided according to the
great assistance in sports games and athletic competitions. matching result of feature vectors. As far as we know, it is

As for general free viewpoint video systems [10, 11],the first time to construct a feature vector for crossing points
camera calibration is an indispensable step. Especially, fan camera calibration, and the proposed method reduces the
free viewpoint sports video, field model-based camera selfaumber of estimations and evaluations of a homography ma-
calibration is more flexible and popular. In automatic camerdrix from hundreds of times to only several times.
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2. RELATED WORK AND OUR CONTRIBUTIONS

There have been several studies on automatic camera sf
calibration in sports video. Sudhir et al. [12] proposed i
calibration method to detect several predefined points onf&
tennis court, but the method was not robust against the occ
sions of the court lines. In addition, Alvarez [13] proposed a  (
mathematical model for homography matrix estimation based
on analyzing the center circle of a soccer field. However, the
center circle was often not visible in camera images. A fun-
damental study was conducted by Farin et al. [14], where the
proposed method was composed of white field line extraction
and exhaustive model matching between the crossing points
in a camera image and the predefined points in a field model
to estimate all the possible homography matrices. However,
the exhaustive model matching was very time consuming Fig. 2. Results of field line image extraction
and impractical in real-time applications, especially when it . L e
involveg the calibration of a nr())rl;-fixed came?a. La)t/er, FarinC()lor'balsed f'glcd Be_x traction s too sensitive in an RGB color
et al. [15] proposed a fast calibration method which was Pace ThuséB 'S ?{rgs/converted to an HSV qolor space,
based on RANSAC line parameter estimation. However, th&’ ritten as’ — I ) Next,_several statistical thresh-
par ) o0 o olds, o of  ando) . are estimated to produce a soccer
RANSAC-based method still produced unreliable field Ilnesf. Id, mmk’B’Bm lab iT“”
which led to inaccurate homography matrix. Recently, Yag'€'d Mas Y alabeling process

[16] proposed an automatic camera self-calibration method { 1,1 (2, y) € [oH H o108V (2,y) > oY)

(c) Field line imageF

that introducted a histogram of extracted field lines in a camB(x, y) = min> Tmax min
era image to provide a robust calculation of crossing points
and reduce the calibration time. However, similar to the o o @)
work in [14] and [15], there was no additional information on wherel indicates ground area whileindicates other area.

the calculated crossing points, and hence exhaustive model Acco_rding to the labeled mas?, the soccer fi_eld gr_ound
matching was unavoidable. imageG is extracted, as shown Fig. 2(b). Following this, a

In this paper, based on our previous work [16], we pro_field line imageF’ is extracted on top of a field ground image

pose the construction of a feature vector of crossing points iff PY White color detection [14], represented as
camera images and a field model. The directional pattern of a

crossing pointis analyzed and expressed as a numerical value. f(z, y) =
Therefore, a 4D feature vector is constructed by analyzing
four crossing points in a camera image, and the 4D feature . . .
vector is ma?cﬁed with all the 4D featSre vectors in the field Wh‘?re the field ground image has been conyerted |n_to a
model. According to the feature vector matching result, Onl)gray Image /., andw97'“d are Wh'.te color and pixel gradient
a few homography matrices are estimated as the candidatf¥€Snolds, respectively. In addition, =| G(z,y) - Gz +
and evaluated using a back projection method. Therefore, tHe y) | +16G@,y)~Ga-7y) | +]Glz,y) -Gz, y+7) |

number of homography matrix evaluations, which accounts” | G(z,y) — G(z,y —7) |, andr is the distance used to

for most of the calibration time, is greatly reduced. Experi-c""dcm"flte the grad|ent_of current pix&{(z, ). Thferefore, a
mental results show that the proposed method is effective arft€a" field line image” is extracted and shown Fg. 2(c)
remarkably faster than other previous methods.

The remainder of this paper is organized as follows. I3.2. Feature Vector Generation and Matching

the third section, the proposed method is presented in detaj

The experimental results are shown in section four, foIIowe(;Bur key idea is presented in t.h's subsection, gnd th_e pr_o-
by a brief conclusion in the last section. posed feature vector construction of four crossing points is

described below.

After a clear field line image is extracted, the Hough trans-
form [17] is adopted to detect field lines in the field line image
F. The histogram based line selection method in [16] is mod-
ified to obtain parameters (a slope and an offset) of field lines.
Basically speaking, as shownfig. 2(a), the color of a soc- In order to ensure that calculated crossing points are visible in
cer field in a camera image®“® is green and the color of the the camera image for subsequent feature vector construction,
field lines is white. However, due to the lighting conditions, more than two field lines are extracted first, and the field lines

0, otherwise

{ 255, G(z,y) > thy&&A < thgraq @

0, otherwise

3. PROPOSED METHOD

3.1. Field Line Image Extraction
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top-left point is always set as the starting one without losing
generality. For each crossing pojit it is acknowledged that
the information of two field lineg!, I} is available, and thus
we check the four directions of the crossing paifitalong

the directions of?, andl}. According to the pattern defini-
tion mentioned above, the extracted patterns of four cross-
(a) Field lines in [16] (b) Field lines in this study  jng points inFig. 5 are characterized as a 4D feature vector
. - . . s Vo= {1110,0101, 1001, 1110} in binary format or written as
Fig. 3. Field line extraction and selection (Selected field line — {14,5,9,14} in decimal format. Similarly, various 4D

are highlighted in pink.) feature vectors of points in a field model can be generated and

PR I — l l_ _1 prepared in advance.

I_ _I Therefore, the exhaustive homography evaluation is sim-

plified as feature vector matching, which can greatly reduce

I_ I _' l I { ° the complexity. Feature vector matching is represented as

Veand= Vi, if [V =V [;,<e, 3

Fig. 4. The 16 possible patterns of a crossing point

whereV is the feature vector of the 4-point $8tin a camera
that produce four visible crossing points are finally selectedimage andV, is the feature vector of a 4-point sB% in a
A comparison between the selected field lines in [16] and ifield model. In addition]I” is the number of selecte¥ ;g
this study is shown irfig. 3. It is clear that two crossing that keeps the matching error within a threshgldheree =
points of the selected field lines are invisiblefiiy. 3(a). In ¢ if an exact matching is required and Move.anq will be
comparison, the selected field lines in this study produce fouselected ife is relaxed to a positive value. According to the
visible crossing points in the camera image. result of feature vector matchin®, and the selecte® g

Itis observed that a crossing point of field lines can be disare adopted in homography matrix estimation.

tinguished by the information of the four directions as shown
in Fig. 4. Therefore, a pattern of directional information for
a crossing point is defined by a 4-bit value, where each b
value indicates whether one direction of the crossing poinf; is noted that a homography matri%], projects a poinp
exists or not. Without losing generality, UP, RIGHT, DOWN, in a plane to a poing in another plane [18]. Therefore, we
and LEFT are defined from the highest bit to the lowest bitassumq)(x7 Y, Z) as a crossing point in a camera image and

In addition, we assume that the camera shooting direction iéorrespondinglyl(X, Y, Z) as a point in a field model. Thus,
known. Thus, the horizontal and vertical lines in a cameranhere is

image are easily distinguished.

Based on the definition and assumption above, we com-
pose a 4D feature vector to represent the four detected cross-
ing points in a camera image as showrFig. 5. To be spe- . o
cific, the four crossing pointg!, p?, p®, p*) are formed as a If )Ne define ? normallzatlor! a8’ = z/zy = y/zand
point setP = {p', p?, p3,p*} and sorted in a clockwise or- X'=X/2,Y'=Y/Z, thereis
der according to the respective coordinates. In addition, the

&3.3. Homography Matrix Estimation and Evaluation

hir hiz hi3 X
~ |hat haa hos| - |Y ]|, (4)
hs1 hs2  hs3 Z

8

ISEINS

ST hin X'+ hioY' + hag
z hng/ + h32Y/ + h53 (5)

;Y ho X' hooY' + hos

YT T s X'+ hagY + hgy

Therefore, considering a homography matrix with eight de-
grees of freedom, four pairs of point correspondences be-
tweenP andP.4,qare adopted to calculafé.

Moreover, according t@q.(3) there might be multiple
candidates of feature vectoM gnqg and point setdc5nq
Therefore, an evaluation method is adopted to finally obtain
o4 03 the optimal homography matrix. It is assumed that the points
in field lines of a field model should be projected onto the
white lines of the corresponding field line image if there exists
Fig. 5. The illustration of a pattern combination of crossingan accurate homography matrix. Therefore, a penalty value
points in both camera image and field model

V = {1110, 0101, 1001, 1110}
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dy, of each projected poiritz, §) in the field line imageF is

calculated as Table 1. A comparison of the calibration cost between the

proposed method and other methods for one frame

{ de =1, if F(x,y) 2 thy (6) Calibration cost [14] [16] Proposal
dy = =2, otherwise # of Viinimage O) 9 1 1
#of Veand(1) 315 315 <20

whereth,, is the threshold value. Based on the definition of
dj, in eq.(6) the optimal homography matri,,,. yields to

Hop = argmax > dy, @)

1<k<K

# of H evaluation 315 %9 315 <20
Running time 18326 ms| 1940 ms| 85ms

whereK is the total number of points in the field model.

4. EXPERIMENTAL RESULTS

In order to verify the effectiveness of our proposed methoc==—=%
we carried out tests on two soccer scenes captured by PTZ () Scene 1 ([16]) (b) Scene 1 (proposed method)
cameras. The resolution of the camera is full HD and th
frame rate is 30fps. The parameters are set as follows. #
the field line image extractiom;,”. , oX —ando) . are es-
timated as 30, 75 and 40 respectively. In addition, two thresEz=
oldsth,, andth,qq are setas 145 and 40, and the vatig 4
in pixel gradient calculation. Finally, the threshald, is set —
as _127 ineq._(6) All the parameters are fixed throughout the (c) Scene 2 ([16]) (d) Scene 2 (proposed method)
entire experiment.

Th other methods in [14] and [16] are compared with ourFig. 6. Comparison of calibration accuracy between of the
proposed method. The camera shooting direction is prior ineroposed method and previous method
formation for the three methods. Basically, homography ma- . .
trix evaluation accounts for most of the time in camera selfY’ ellow, and the comparison between the method described

calibration. Therefore, for simplicity, we consider the number” |[|16]hand the prop(;sc:]d method 'j shohwngiig. ? hBlain-
of homography matrix evaluations as the cost of calibration, 631Y. the accuracy of the proposed method is slightly lower
The comparison of calibration cost is showrTable 1. than the accuracy in [16], and the main reason is that the se-

The second row iffable 1 shows the numbeb of feature lected crossing points in the proposed method are limited in

vectors in a camera image. The method in [16] and our pro"f_‘ small area (goal area). However, such slight loss of calibra-

posed method detected two horizontal and two vertical linedO" @ccuracy has virtually no effect on the final synthesized
ree viewpoint soccer video, and note that calibration accu-

in the calculation of crossing points in a camera image. Thu i be i dif th - d out b
there is only one feature vector in camera image. In comparr-acy WIT'be increased 1T In€ camera IS zoomed out because

ison, the method in [14] detected at least three vertical anarossing poin_ts in_a large area will be visible and used in the
three horizontal lines, producing at least nine possible featur%mposed calibration method.
vectors. The third row inrable 1 shows the numbef]’ of
feature vector candidates in a soccer field model. For an ex- 5. CONCLUSION
haustive search = (g) X (;) = 315 because there a
horizontal lines and vertical lines in the soccer field model In this paper, a fast self-calibration method for a non-fixed
as shown inFig. 1. In comparison, an exhaustive search iscamera was proposed in order to synthesis free viewpoint soc-
not necessary in our proposed method, and the specific nuroer videos. Different from any previous methods, as far as
ber of searches depends on the 4D feature vector of a camexa@ know, it was the first time to construct a feature vector of
image. According to the value ef= 10 in our experiment]”  crossing points, and a 4D feature vector was constructed by
may be different numbers, such as 4, 9, 11, and 16. Thereforanalyzing the directional information of four crossing points.
T < 20 is a reasonable result for the proposed method. FurFherefore, based on the result of feature vector matching, it
thermore, the bottom row ifiable 1 shows the running time was not necessary to exhaustively calculate and evaluate all
(ms) required to calibrate one frame (including homographyhe possible homography matrices, and hence the calibration
matrix estimation and evaluation), and it is verified that thecost was greatly reduced. The experimental results showed
proposed method is much faster than the other two methodshat the proposed method was much faster than other methods
Finally, field model projection is adopted to evaluate thewith a slight loss of calibration accuracy that was negligible
calibration accuracy. The projected field lines are marked ifn the final synthesized free viewpoint soccer video.
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